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Summary 
By screening for mutations that suppress the vulva1 
defects caused by a constitutively active let-60 ras 
gene, we identified six loss-of-function alleles of ksr-7, 
a novel C. elegans gene. Our genetic analysis showed 
ksr-7 positively mediates Ras signaling and functions 
downstream of or in parallel to let-60. In the absence 
of ksr-7 function, normal Ras signaling is impaired only 
slightly, suggesting ksr-7 may act to modulate, or in 
a branch that diverges from, the main signaling path- 
way. The predicted KSR-1 protein has a protein kinase 
domain and is most similar to a recently identified Dro- 
sophila protein involved in Ras signaling. We propose 
that the function of ksr-7 is evolutionarily conserved. 
Introduction 
Ras protein activity has profound effects on cell division 
and cell fate, and mutations in the fas proto-oncogene are 
found frequently in human tumors (reviewed by Barbacid, 
1987). Ras protein alternates between an inactive, GDP- 
bound form and an active, GTP-bound form, and the three- 
dimensional structures of both forms are known (reviewed 
by Bourne et al., 1991). One pathway that leads to Ras 
activation has been studied in some detail (reviewed by 
Schlessinger, 1993). An extracellular ligand binds a recep- 
tor tyrosine kinase and induces autophosphorylation. The 
phosphorylated receptor binds the SH2 domain of an 
adaptor protein such as SEM-51GRB2, which is bound to 
a guanine nucleotide exchange factor such as SOS. The 
exchange factor activates Ras by catalyzing the exchange 
of GDP for GTP. 
By contrast, comparatively little is known about how acti- 
vated Ras affects cell division and cell fate. The best candi- 
date for being a direct effector of activated Ras is the 
protein serine/threonine kinase Raf (reviewed by Avruch 
et al., 1994). Raf directly binds activated Ras and functions 
downstream of Ras in the signaling pathway. It is not 
known how the Ras-Raf interaction results in activation of 
the Raf kinase, although localization of Raf to the plasma 
membrane seems to be important (Leevers et al., 1994; 
Stokoe et al., 1994). Activated Raf can phosphorylate and 
thereby activate the protein kinase MEK (mitogen-acti- 
vated protein [MAP] kinaselextracellular signal-regulated 
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protein kinase kinase), which in turn can phosphorylate 
and thereby activate MAP kinase (reviewed by Marshall, 
1994). MAP kinase can phosphorylate a variety of pro- 
teins, including transcription factors, but the functional sig- 
nificance of many of these phosphorylation events is un- 
clear (reviewed by Davis, 1993). 
The Ras signaling pathway may diverge into multiple 
branches at the level of Ras or further downstream. In 
addition to binding Raf, Ras can bind and activate phos- 
phatidylinositol-3-OH kinase (Rodriguez-Viciana et al., 
1994), which suggests that Ras may activate two distinct 
signaling pathways. Furthermore, MAP kinase has many 
potential targets, so it too may define a point at which the 
signaling pathway diverges. In addition, the core pathway 
may be modified by converging branches that modulate 
the activities of Raf, MEK, and MAP kinases. For example, 
the protein kinases Mos and MEK kinase can phosphory- 
late MEK (Lange-Carter et al., 1993; Posada et al., 1993) 
and thus may act in concert with Raf. A converging path- 
way might enable cells to integrate multiple signals or 
might contribute to the specific responses of different cell 
types to activated Ras. 
We used the nematode Caenorhabditis elegans to in- 
vestigate the Ras pathway in vivo. The induction of vulva1 
cell fates in C. elegans requires asignal transduction path- 
way that includes the h-3 ligand, let-23 receptor tyrosine 
kinase, sem-5 adaptor, let-60 Ras, h-45 Raf, mek-2/let- 
537 MEK, and mpk-llsor-1 MAP kinase (reviewed by 
Eisenmann and Kim, 1994). A mutation that constitutively 
activates the let-6Oras gene causes multipotent precursor 
cells to adopt vulva1 cell fates inappropriately, resulting in 
defective vulva1 development (Ferguson et al., 1987; Han 
and Sternberg, 1990; Beitel et al., 1990). We previously 
described a screen for mutations that suppress these de- 
fects(Lackneret al., 1994; Kornfeldet al., 1995). Mutations 
in the mek-2 and mpk-1 genes were identified in this screen. 
Here we describe a gene identified in this screen, ksr-7. 
Results 
Isolation of ksr-7 Mutations 
The C. elegans vulva1 equivalence group consists of six 
multipotent cells, P3.p-P8.p, each of which can adopt ei- 
ther the lo vulva1 cell fate (eight descendants), the 2O 
vulva1 cell fate (seven descendants), or the 3O nonvulval 
cell fate (two descendants) (reviewed by Horvitz and Stern- 
berg, 1991). In wild-type hermaphrodites, a signal from 
the gonadal anchor cell activates the Ras pathway in P5.p, 
P6.p, and P7.p and thereby causes these cells to adopt 
vulva1 fates. By contrast, P3.p, P4.p, and P8.p, the cells 
farthest from the anchor cell, adopt the nonvulval3o fate. 
In hermaphrodites with a gain-of-function mutation that 
constitutively activates the let-60 ras gene, P3.p, P4.p, 
and P8.p frequently adopt vulva1 cell fates; the resulting 
ectopic vulva1 tissue forms a series of protrusions along 
the ventral side of the animal, an abnormality that defines 
the Multivulva (Muv) phenotype (Ferguson et al., 1987; 
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Figure 1. Genetic and Physical Maps in the ksr-7 Region and Rescue 
of the ksr-I Mutant Phenotype 
(A) Genetic map, with distances in map units (m.u.) (Wood et al., 1988). 
We positioned ksr-7 relative to x0/-7 and dpy-6 on the basis of 4-factor 
mapping data (see Experimental Procedures). The lower horizontal 
line indicates the extent of deficiencyyDf2, which fails to complement 
genes positioned to the right and left of ksr-7 (L. Miller and B. Meyer, 
personal communication). 
(B) Physical map. Vertical lines indicate molecularly defined RFLP 
allele and gene positions (see Experimental Procedures for data used 
to map nP76, nP75, and nP81). dpy-6 has not been positioned precisely 
on the physical map. Lower horizontal lines represent selected cos- 
mids from the physical map (Coulson et al., 1988). Each contains 
approximately 40 kb of genomic DNA. 
(C) Cosmid and plasmid clones assayed for ksr-7 rescue activity are 
listed on the left. The genomic DNA inserts are drawn to scale (except 
where broken by diagonal lines), and their sizes are listed in kilobases. 
Vertical lines indicate restriction enzyme cleavage sites: F, Fspl; A, 
Avrll; N, Ncol; S, Sacll; M, Mlul. On the right is shown the number of 
independently derived transgenic strains that displayed rescue of the 
ksr-7 mutant phenotype and the total number of strains analyzed. 
Beitel et al., 1990). To identify genes important for let-60 
ras-mediated signaling, we screened for mutations that 
reduced the penetrance of the Muv phenotype caused by 
the gain-of-function (gf) mutation let-6O(n7046gf) and in 
this way identified 43 such suppressor mutations (see Ex- 
perimental Procedures). 
Six mutations that mapped to the X chromosome failed 
to complement for suppression of the let-SO(gf) Muv phe- 
notype and thus appeared to define a single complementa- 
tion group (see Experimental Procedures). We used a 
4-factor mapping experiment to localize one of these muta- 
tions between the genes x0/-7 and dpy-6 (Figure 1A). We 
named the gene defined by these six mutations ksr-7 (for 
kinase suppressor of ras), because subsequent analyses 
showed that this gene is predicted to encode a protein 
similar to protein kinases (see below). 
Table 1. ksr-1 Mutations Suppress the let-60 Muv Phenotype 
Genotype Percent Muv” nb 
let-6O(gf) 93 716 
leGgO( kwl(n2526) 3 353 
/et-SO(gf); kwl(n2526)/+” 68 297 
let-6O(gf); ksr-l(n 1860) 3 343 
let-6O(gf); ksr- 1 (n2509) 2 302 
let-SO(gf); kwl(n2519) 14 426 
/et-sO(gf); ksr-l(n2522) 4 364 
let-6O(gf); ksr-l(n2682) 1 303 
Wild type 0 200 
a Percent of adult hermaphrodites that displayed the Muv phenotype, 
one or more ventral protrusions displaced from the position of the 
vulva. Animals were raised at 225°C. 
b n, number of hermaphrodites examined. 
c These hermaphrodites were non-Dpy cross progeny of dpy-20 let- 
6O(gf) hermaphrodites and let-6O(gf); ksr-l(n2526) males. 
ksr-7 Mutations Affect Vulva1 Development 
and Cause Larval Lethality 
Each of the six ksr-7 mutations reduced the penetrance 
of the /eG6O(gf) Muv phenotype from 93% to less than 
15% (Table 1). To analyze the interaction between let-60 
ras and ksr-7 in more detail, we examined the fa;es of cells 
in the vulva1 equivalence group in let-SO(gf); ksr-l(n2526) 
hermaphrodites. The let-6O(gf) mutation appears to acti- 
vate the let-60 i-as gene only partially, so that in /et-SO(gf) 
mutants only 72% of Pn.p cells far from the anchor cell 
(P3.p, P4.p, and P8.p) adopt vulva1 cell fates (Ferguson, 
1985). In let-SO(gQ ksr-l(n2526) mutants, 17% of the cells 
P3.p, P4.p, and P8.p adopted vulva1 cell fates (Table 2). 
Thus, ksr-7 activity appears to be important for cells in the 
vulva1 equivalence group to adopt vulva1 fates if let-60 ras 
is activated partially. 
To learn more about ksr-7 function during vulva1 devel- 
opment, we examined /et-SO(+) animals that contained a 
ksr-7 mutation. None of the ksr-7 mutations caused a high 
penetrance of severe vulva1 defects, although 4% of ksr-7 
(n2526) mutants displayed an abnormal vulva (Table 3). 
In wild-type animals, the anchor ceil signal appears to acti- 
vate the Ras pathway strongly in the cells P5.p, P6.p, and 
P7.p, so that 100% of these cells adopt vulva1 cell fates 
(reviewed by Horvitz and Sternberg, 1991). In ksr-7 mu- 
tants, 93% of the cells P5.p, P6.p, and P7.p adopted nor- 
mal vulva1 cell fates (Table 2); P5.p generated an abnormal 
cell lineage with fewer than seven descendants in two of 
the ten mutant animals. These observations suggest that 
the normal Ras signaling pathway was impaired, albeit 
slightly, by a ksr-7 mutation and, thus, that ksr-7 functions 
during vulva1 development in wild-type animals. However, 
since most ksr-7 mutants had a wild-type vulva, ksr-7 func- 
tion may be partially redundant with other components of 
the Ras signaling pathway. 
The ksr-7 mutations n2526, n7860, and n2682 caused 
larval lethality that was approximately 10% penetrant (Ta- 
ble 3). Affected mutant animals appeared to die during 
the first or second larval stage and were usually thin and 
straight. This phenotype of rigid, rod-like larval lethality 
appears to be identical to that caused by loss-of-function 
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Table 2. Fates of Cells of the Vulva1 Eauivalence Group 
Cell Fateb 
Genotype na P3.P P4.p P5.p P6.p P7.p P8.p 
Wild type’ Many 30 30 20 10 20 30 
let-60(gf)d 12 1°or20;30 1 o or 2O 20 10 20 lo or 2O; 3O 
let-6O(gf); ksr- l(r12526)~ 10 30 3°;100r20 20 10 20 30 
kwl(n2526)’ 10 30 30 20 10 20 30 
a n, number of animals examined. 
b The 1 O, 2O, and 3O cell fates are described in the text. Multiple fates are listed if each fate was adopted by 25% or more of the cells; the more 
common fate is listed first. 
c Results from Sulston and Horvitz (1977). 
d Results from Ferguson (1985); P3.p expressed a vulva1 cell fate (1 o or 2O) in nine animals, P4.p in ten animals, and P8.p in seven animals. 
e P3.p expressed a lo fate in one animal, P4.p expressed a 1” fate in one animal, and a hybrid cell fate that displayed features of both vulva1 
(1 o or 2O) and nonvulval (3”) cell fates (four or five descendants) in two animals and P8.p expressed a hybrid cell fate (four descendants) in one 
animal. 
’ P5.p expressed an abnormal 2O cell fate (six descendants) in one animal and a hybrid cell fate (three descendants) in one animal. 
mutations in many genes known to be involved in vulva1 derived from heterozygous mpk-7(/f)/+ hermaphrodites 
induction: /in-3, /et-23, sem-5, let-60 ras, h-45 raf, mek-2, were usually sterile adults and displayed a larval lethality 
and mpk-7 (Ferguson and Horvitz, 1985; Han et al., 1990, that was less than 2% penetrant (Table 3). By contrast, 
1993; Clark et al., 1992a; Kornfeld et al., 1995; Wu and mpk-l(lf);ksr-l(n2526)double mutantsderivedfrom mpk-7 
Han, 1994). The cellular basis for this lethality has not (If)/+; ksr-l(n2526) hermaphrodites displayed a larval le- 
been determined. thality that was 96% penetrant (Table 3). This synergism 
To explore the relationship between the larval lethality between loss-of-function mutations in ksr-7 and mpk-7 
caused by mutations in known signaling genes and that suggests that the two genes are involved in the same pro- 
caused by mutations in ksr-7, we constructed a double cess required for larval viability. 
mutant containing ksr-l(n2526) and the loss-of-function (If) Thus, ksr-7 appears to function with the same group of 
mutation mpk-7(oz74O/f). Homozygous mpk-7(/Q mutants signaling genes during both larval development and vulva1 
Table 3. ksr-7 Phenotypes 
Percent Percent 
Genotype Dead Larvae Abnormal Vulva na 
Wild type 0 0 200 
ksr-l(n2526) 10 4 188 
ksr-l(nl860) 12 2 201 
ksr-l(n2682) 10 0 189 
ksr- 1 (n2509) 0 0 201 
ksr-l(n2519) 1 I 198 
ksr- 1 (n2522) 1 1 200 
mpk-l(ozl4O)b <2 ND 200 
mpk-l(ozl40); ksr-l(n2526f 96 ND 98 
Ion-LVyDfP <I 3 204 
Ion-2 ksr-1 (n2526)/yDf2” 6 5 203 
We placed each egg on a separate petri dish and observed development. For the ksr-1 single mutants, eggs were derived from homozygous 
hermaphrodites; percent dead larvae indicates the percent of all eggs that generated dead larvae, and percent abnormal vulva indicates the 
percent of all adult hermaphrodites that appeared to lack a functional vulva or displayed a protruding vulva. For the experiments described in the 
bottom four lines, eggs were derived from heterozygous hermaphrodites, and percentages refer to animals that were judged to have the indicated 
genotype as described below. Most dead larvae displayed the rigid, rod-like morphology. ND, not determined. 
a n, number of eggs analyzed. 
b Self-progeny eggs from mpk-7(oz74O)/unc-79 dpy-7 7 hermaphrodites were analyzed. Approximately 25% should have the genotype mpk-l(oz740); 
51 of 200 eggs generated sterile adults, the homozygous mpk-l(ozl40) phenotype (Church et al., 1995), and 1 of 200 eggs generated a dead 
larva. 
c Self-progeny eggs from mpk-l(oz740)hno79 dpy-7C /on-2 ksr-l(n2526) hermaphrodites were analyzed. Of 98 eggs, one generated a sterile 
adult, and 34 of 98 eggs generated dead larvae. By assuming that mpk-7; /on-2 ksr-7 mutants represented 25% of the self-progeny (24 animals) 
and noting that one animal was a sterile adult, we concluded that 23 of 24 (96%) displayed larval lethality. Thus, among the mpk-7/+; /on-2 ksr-7 
and +/+; /on-2 ksr-7 progeny, 11 of 74 (15%) displayed larval lethality. 
d Self-progeny eggs from /on-2/yDf2 hermaphrodites were analyzed. Of 204 eggs, one generated a dead larva, and 3 of 88 non-Lon adults displayed 
an abnormal vulva. yDf2/yDf2 eggs failed to hatch. 
B Self-progeny eggs from /on-2 ksr-l(n2526)/yDf2 hermaphrodites were analyzed. Of 203 eggs, 11 generated dead larvae, and 5 of 104 non-Lon 
adults displayed an abnormal vulva. By assuming that (on-2 ksr-7 mutants displayed 10% larval lethality (5 of 51), we concluded that 6 of 1 IO 
/on-2 ksr-l(n2526)/yDf2 animals displayed larval lethality. 
Cell 
906 
development. In otherwise wild-type animals, the let-60 
ras signaling pathway involved in larval development, like 
that involved in vulva1 development, was impaired slightly 
by a ksr-7 mutation, suggesting that in both cases ksr-7 
functions as a positive mediator of let-60 ras activity. In 
animals with a mpk-7(/f) mutation that results in a partially 
active Ras signaling pathway, ksr-7 function was essential 
for larval viability; in animals with a /et-SO(gb mutation that 
results in a partially active Ras signaling pathway in the 
cells P3.p, P4.p, and P8.p, ksr-7 function was important 
for these cells to adopt vulva1 fates. Thus, during both 
larval and vulva1 development, ksr-7 function was more 
important when the Ras signaling pathway was activated 
partially than when this pathway was activated fully. 
To understand how ksr-7 functions during signal trans- 
duction, we need to know how the ksr-7 mutations affect 
the activity of the ksr-7 gene. Several observations sug- 
gest that these ksr-7 mutations reduce the activity of the 
ksr-7 gene. First, we isolated five of the six ksr-7 mutations 
after screening 5600 haploid genomes; this frequency of 
recovery is typical for reduction-of-function mutations 
(Wood et al., 1988). Furthermore, the larval lethality 
caused by the three strongest ksr-7 mutations (n7860, 
n2526, and n2682) displayed a similar penetrance, 
whereas the other three mutations caused a lethal pheno- 
type of lower penetrance. Thus, the ksr-7 mutations might 
form an allelic series, and the stronger mutations might 
eliminate ksr-7 activity completely. To investigate this pos- 
sibility, we compared the phenotypes caused by ksr-7 
(n2526) and yDf2, a relatively large deficiency of ksr-7 
(Figure lA), when in trans to kwl(n2526). Homozygous 
ksr-7(n2526)lksr-7(n2526) animals and yDf2/ksr-l(n2526) 
heterozygotes displayed similar penetrances of larval le- 
thality and of vulva1 defects (Table 3). Thus, in this assay 
n2526 behaved like a deficiency of the ksr-7 gene, consis- 
tent with the hypothesis that n2526 is a null allele. How- 
ever, it is possible that the n2526 allele retains residual 
ksr-7 function that was not measured in this assay. 
ksr-7 Is Likely to Function Downstream of let-60 ras 
The mutant LET-60 protein encoded by the let-SO(n7046gf) 
allele is likely to be constitutively active. First, the n7046 
mutation is a missense change in codon 13 (Beitel et al., 
1990); some oncogenic mutations that cause constitutive 
activation of vertebrate Ras protein are also missense 
changes in codon 13 (Traheyand McCormick, 1987). Sec- 
ond, the Muv phenotype caused by the n7046 mutation 
is dominant and is not suppressed by ablation of the signal- 
ing anchor cell or by mutations in important signaling 
genes likely to function upstream of let-60 fas, such as 
the let-23 receptor tyrosine kinase gene (Beitel et al., 1990; 
Clark et al., 1992b). Since genes likely to function up- 
stream of let-60 ras are not required for expression of this 
Muv phenotype, our observation that ksr-7 mutations sup- 
pressed the /et-SO(gf) Muv phenotype suggests that, if 
these genes act in a linear pathway, ksr-7 functions down- 
stream of let-60 ras. Our data are also consistent with 
the possibility that ksr-7 and let-60 fas function in parallel 
signaling pathways. 
To explore the relationship between ksr-7 and other 
genes involved in vulva1 development, we constructed 
double mutants containing ksr-l(n2526), a probable null 
allele based on both genetic (see above) and molecular 
(see ,below) criteria, and a loss-of-function mutation in 
h-75, /in-l, or M-37, each of which causes a Muv pheno- 
type. M-75 encodes two novel proteins that negatively 
regulate vulva1 induction (Clark et al., 1994; Huang et al., 
1994); h-75 seems to function outside the Pn.p cells and 
genetically upstream of let-23 receptor tyrosine kinase and 
let-60 ras (Herman and Hedgecock, 1990; Clark et al., 
1992b). Thus, /in-75 is likely to function upstream of ksr-7. 
ksr-7 (n2526) did not suppress the highly penetrant Muv 
phenotype caused by /in-75(n765) (Table 4). These data 
suggest that the /h-75(/f) mutation, like the anchor cell 
signal, activates the Ras pathway so strongly that ksr-7 
function is not required for vulva1 inductibn in a /h-75(/f) 
mutant. 
h-7 encodes a protein that contains an ETS DNA- 
binding domain (Beitel et al., submitted). h-37 encodes 
a protein that contains an HNF3/forkhead DNA-binding 
domain (Miller et al., 1993). Thus, both of these genes are 
likely to encode transcription factors. Genetic epistasis 
analyses showed that both of these genes are likely to 
function downstream of mpk-7 MAP kinase (Lackner et 
al., 1994). The loss-of-function mutations /in-l(e7275) and 
/in-37(n7053) cause a partially penetrant Muv phenotype 
Table 4. Interactions between ksr-7 and Vulva1 Determination Genes 
Genotype Percent Dead Larvae” 
kwl(n2526) 10 
/im75(n765) 2 
ksr-1 (n2526) /in-l 5(n 765) 2 
liml(e7275) 1 
liml(e7275); kwl(n2526) 1 
/in-31(n1053) 1 
h31(n1053); ksr-l(n2526) 8 
let-6O(n 1046gf) 2 
let-6O(n 1046gf); ksr- 1 (n2526) 2 
We placed each egg on a separate petri dish and observed development. 
s Percent of eggs that generated a dead larva with the rigid, rod-like morphology. 
b Percent of adult hermaphrodites that displayed the Muv phenotype. 
c n, number of eggs analyzed. 
Percent Mu@ no 
0 108 
99 135 
97 ,. 190 
70 197 
65 160 , 
64 107 
55 201 
61 172‘ 
13 130 
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that was not suppressed significantly by ksr-l(n2526) (Ta- 
ble 4). While it is possible that h-7 or /in-37 functions up- 
stream of ksr-7 and that mutations in these genes cause 
the Ras pathway to be activated so strongly that ksr-7 
function is not required forvulval induction, we do not favor 
this interpretation because the Muv phenotypes caused 
by these mutations are only partially penetrant. Rather, 
we believe these data suggest that ksr-7 functions up- 
stream of /in-7 and /in-37, if these genes act in a linear 
pathway, or in parallel to /in-7 and /in-37. 
The larval lethality caused by ksr-l(n2526) was sup- 
pressed by loss-of-function mutations in /in-75 and /in-l 
and a gain-of-function mutation in let-60 ras (Table 4). 
/in-37 is not required for larval viability (Miller et al., 1993) 
and the lin97(lf) mutation did not suppress the larval lethal- 
ity caused by ksr-l(n2526). The findings that mutations in 
three other genes involved in let-60 ras-mediated signal- 
ing can affect the larval lethality caused by ksr-7(n2526) 
supports the interpretation that ksr-7 is involved in let-60 
ras-mediated signaling during larval development. Be- 
cause /in-75 and let-60 ras are likely to function upstream 
of ksr-7, these data suggest that strong activation of the 
Ras pathway can overcome the requirement for ksr-7 dur- 
ing larval development. A M-7(/f) mutation can suppress 
the vulva1 defects and the larval lethality caused by loss-of- 
function mutations in upstream signaling genes such as 
the let-23 receptor tyrosine kinase and let-60 ras genes 
(Ferguson et al., 1987; Han et al., 1990). Thus, the obser- 
vation that a/in-7(/f) mutation suppressed the larval lethal- 
ity caused by ksr-l(n2526) suggests that in wild-type ani- 
mals ksr-7 may play a role in inactivating /in-l. 
Cloning ksr-7 
To learn more about how ksr-7 functions during Ras- 
mediated signaling, we began a molecular analysis of this 
gene. Much of the C. elegans genome is represented by 
a physical map that consists of overlapping fragments of 
genomic DNA cloned in cosmid or yeast artificial chromo- 
some vectors (Coulson et al., 1988). To position ksr-7 on 
the physical map, we used DNAfrom the center of chromo- 
some X to identify restriction fragment length polymor- 
phisms (RFLPs) and then mapped the RFLPs relative to 
ksr-7 (Ruvkun et al., 1989; see also Experimental Proce- 
dures). Figure 1 B illustrates the positions of three informa- 
tive RFLP alleles: nP76, identified using cosmid C39A3, 
mapped left of ksr-7; nP87, identifi’ed using cosmid CO9B2, 
mapped right of ksr-7 and dpy-6; and nP75, identified using 
cosmid ClOG5, mapped between ksr-7 and dpy-6. These 
data suggest that the ksr-7 gene lies in the interval 
spanned by cosmids C39A3 and ClOG5. 
To locate the ksr-7 gene in this interval, we introduced 
cosmid DNA into animals of the genotype /et-SO(gf); ksr-7 
(n7860) and assayed for rescue of the ksr-7 suppression- 
of-Muv phenotype. The overlapping cosmidsof F13B9 and 
C33E9 both rescued the ksr-7 phenotype (Figure 1C). We 
subcloned fragments of F13B9 and assayed them for res- 
cue activity. The smallest fragment that retained rescue 
activity was the 15.6 kb insert of pDBH3; deletions of 2.4 
kb at the right end (pDBH11) or 2.5 kb at the left end 
(pDBH4) eliminated rescue activity. 
To characterize the gene responsible for the rescue ac- 
tivity, we used the 15.6 kb insert of pDBH3 to screen three 
different cDNA libraries. We identified four cDNAs that 
derived from the same gene. We determined the nucleo- 
tide sequence of the longest, the 2.6 kb OEl cDNA, and 
found that the longest predicted open reading frame en- 
codes a 771 amino acid protein (Figure 2A). An in-frame 
stop codon is positioned upstream of the presumptive initi- 
ator ATG codon of this open reading frame. To identify 
the positions of introns, we determined the sequences of 
portions of genomic DNA from the region. Subsequently, 
the C. elegans genome consortium determined the com- 
plete sequence of genomic DNAfrom this region (L. Hillier 
and R. Wilson, personal communication). By comparing 
the sequences of the genomic DNA and cDNA, we deter- 
mined that the cDNA is composed of 14 exons that span 
8.1 kb of the 15.6 kb minimal rescuing fragment (Figure 
28). To test whether this gene corresponds to ksr-7, we 
determined the DNA sequences of the coding region and 
the regions of introns close to the splice sites for each of 
the six ksr-7 alleles. Each allele had a single base change 
compared with the wild-type allele, and each of these base 
changes created either a missense or a nonsense change 
in this open reading frame (Figure 2). 
We conclude that the gene defined by the cDNAs corre- 
sponds to ksr-7 for three reasons. First, the ksr-7 mutations 
and this gene are positioned in the same small interval of 
the physical map. Second, DNA containing this gene can 
rescue the ksr-7 phenotype. Third, each ksr-7 allele con- 
tains a missense or nonsense mutation in this gene. 
ksr-7 Transcripts 
Our analysis of the OEl cDNA identified one protein prod- 
uct that is likely to be encoded by the ksr-7 gene. To investi- 
gate the possibility that the ksr-7 gene encodes additional 
protein products, we analyzed ksr-7 transcripts. We used 
a ksr-7 cDNA to probe a Northern blot containing RNA 
derived from a mixed-stage population of C. elegans. We 
detected two bands that are likely to correspond to ksr-7 
transcripts (Figure 3A). The more abundant transcript was 
approximately 2300 nt, and the less abundant transcript 
was approximately 2650 nt. 
To investigate the basis of the difference between these 
two sizes of ksr-7 transcripts, we first analyzed the three 
other independently derived ksr-7 cDNAs by determining 
the DNA sequences of their 5’ and 3’ ends and by using 
the polymerase chain reaction (PCR) to analyze internal 
regions (see Experimental Procedures). In their regions of 
overlap, all cDNAs appeared to have the same sequence, 
suggesting that ksr-7 transcripts may share one pattern 
of splicing. We further examined ksr-7 transcripts in the 
region extending from nucleotide 33 to 2614 by using re- 
verse transcriptase-PCR to analyze RNA derived from a 
mixed-stage population of C. elegans. We tested 13 pairs 
of oligonucleotide primers and found that each pair of prim- 
ers amplified one predominant fragment that was the size 
predicted on the basis of the structure of cDNA OEl (data 
not shown). Although this approach may not have detected 
alternatively spliced forms of low abundance, these data 
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suggest that ksr-7 transcripts have one predominant splic- 
ing pattern in the region that was examined. 
Three of the four cDNAs contained a series of A residues 
at their 3’ ends that are not present in the corresponding 
sequence of genomic DNA. These data identify one poly(A) 
addition site used by ksr-7 transcripts. The fourth cDNA 
appeared to lack an intact 3’end: it terminated 41 nt further 
upstream and lacked a series of A residues. The observa- 
tion that all three cDNAs that contained intact B’ends used 
the same poly(A) addition sitesuggests all ksr-7 transcripts 
may use this site. 
To analyze the Vends of ksr-7 transcripts, we performed 
primer extension and anchored reverse transcriptase- 
PCR experiments using RNA derived from a mixed-stage 
population. The primer extension analysis suggested that 
ksr-7 transcripts have several 5’ ends clustered between 
70 and 100 nt upstream of the presumptive initiator ATG 
codon (Figure 3B). Consistent with this finding, the PCR 
experiment detected a ksr-7 transcript with a 5’ end that 
consists of the 21 nt SLl trans-spliced leader positioned 
50 nt upstream of the presumptive initiator ATG codon 
(Figure 2A). In addition, the primer extension analysis re- 
vealed a less abundant 5’ end approximately 420 nt up- 
stream of the presumptive initiator ATG codon (Figure 38). 
The size difference between the two classes of 5’ ends 
detected by primer extension analysis corresponds rea- 
sonably well to the approximately 350 nt size difference 
between the two transcripts observed on the Northern blot, 
Figure 2. cDNA Sequence and Exon Structure 
of ksr-I 
(A) A composite of the nucleotide sequence of 
cDNA OEl (33-2643) and cDNA derived from 
an anchored reverse transcriptase-PCR ex- 
periment (1-125). Nucleotides are numbered 
above, and the longest open reading frame is 
translated and numbered below. An in-frame 
stop codon positioned upstream of the pre- 
sumptive initiator ATG codon is boxed. Codons 
affected by ksr-7 mutations are underlined; 
arrows indicate base changes (above) and cor- 
responding amino acid changes (below). Each 
change was a GC to AT transition, which is the 
characteristic mutation caused by ethyl meth- 
anesulfonate, the mutagen used to generate 
all of these mutations (Coulondre and Miller, 
1977). Closed triangles indicate intron posi- 
tions. An SLl trans-spliced leader sequence 
and a poly(A) tail are underlined. 
(6) The horizontal line represents genomic 
DNA in the ksr-l region; sizes are in kilobases. 
The sizes and positions of ksr-7 exons, shown 
as boxes, were inferred by comoaring the nu- 
cleotide sequence of a ksr-1 cDNA with that of 
genomic DNA. Untranslated regions are open 
boxes, translated regions are stippled, and 
CR1 and the kinase domain are closed. lntrons 
had the following sizes in nucleotides: intron 
1, 42; intron 2, 641; intron 3, 1154; intron 4, 
998; intron 5, 848; intron 6, 75; intron 7, 48; 
intron 8, 219; intron 9, 1097; intron 10, 259; 
intron 11, 49; intron 12, 48; intron 13, 45. The 
positions of ksr-l mutations and corresponding 
amino acid changes are shown. 
suggesting that the two sizes of ksr-7 transcripts might 
have different 5’ ends. These observations suggest that 
both sizes of ksr-7 transcripts encode the same 771 amino 
acid protein product. Our data do not exclude the possibil- 
ity that some ksr-7 transcripts lack the in-frame stop codon 
positioned upstream of the presumptive initiator ATG co- 
don and thus might encode additional amino acids at the 
N-terminus of the protein. 
ksr-7 Encodes a Novel Protein Kinase 
We compared the sequence of the predicted KSR-1 pro- 
tein with sequences in available protein databases. The 
region from amino acid 480 to 748 was similar to a highly 
conserved region found in all protein kinases and respon- 
sible for kinase activity (Hanks et al., 1988). The kinase 
domain of KSR-1 is not extremely similar to any previously 
described protein kinase, although it is most similar to 
proteins in the Raffamily: KSR-1 is35% identical to human 
Raf-1,360/o identical to Drosophila DRAF, and 31% identi- 
cal to C. elegans LIN-45 in this region (Figure 4A). By 
contrast, in the kinase domain LIN-45 and Raf-1 are 58% 
identical, LIN-45 and DRAF are 63% identical, and DRAF 
and Raf-1 are 66% identical. These comparisons suggest 
that /in-45 is more likely to be the C. elegans homolog of 
rafthan is ksr-7, which has diverged substantially from the 
raf family. Two regions of the kinase domain can often be 
used to predict whether a protein kinase phosphorylates 
serine and threonine residues or tyrosine residues (Hanks 
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Figure 3. Analysis of M-7 Transcripts 
(A) A Northern blot prepared with RNA from a mixed-stage population 
was hybridized to a radiolabeled ksr-7 cDNA. Lines indicate the posi- 
tions of RNA markers from an adjacent lane, with sizes shown in kilo- 
bases. Arrows indicate RNAs that hybridized to the probe and are thus 
likely to be ksr-7 transcripts. 
(B) Results of a primer extension experiment using RNA from a mixed- 
stage population and an oligonucleotide primer that extended from 
nucleotide 156 to 137. Lines indicate the positions of DNA markers 
from adjacent lanes, with sizes shown in nucleotides. The arrow and 
bracket indicate radiolabeled extension products that were probably 
derived from ksr-7 transcripts. The uppermost product was approxi- 
mately 510 nt; the four lower products were approximately 157, 171, 
175, and 188 nt. If the sequence of ksr-7 transcripts downstream of 
the oligonucleotide primer is as shown in Figure 2, then the primer 
extension data predicts ksr-7 transcripts of approximately 2630-2660 
and 2980 nt. On the basis of the RNA size markers, the upper and 
lower trancripts detected on the Northern blot were approximately 
2300 and 2650 nt, respectively. We think the transcript sizes predicted 
from the primer extension experiment are the most reliable, because 
that experiment had superior size markers. 
et al., 1988). However, KSR-1 residues 602-604 (R-S-K) 
do not match the consensus sequence for serinelthreo- 
nine-specific kinases (K-P-E) or tyrosine-specific kinases 
(R-A-A or A-A-R). Similarly, KSR-1 residues 641-646 (F-W- 
T-N-Y-l) do not match the serinelthreonine-specific (G-T/ 
S-X-X-Y/F-X) or the tyrosine-specific (X-P-l/V-K/R-W-T/M) 
consensus. 
Membersof the Raf family share two regionsof similarity 
upstream of the kinase domain called conserved region 
1 (CRl) and CR2 (reviewed by Avruch et al., 1994). CR1 
is characterized by eight invariantly spaced cysteine and 
histidine residues and may be a metal-binding domain. 
KSR-1 contains a CR1 that has all eight conserved cyste- 
ines and histidines and is 28% identical to that of LIN-45, 
30% identical to that of DRAF, and 28% identical to that 
of Raf-1 (Figure4B). By contrast, in CRl, LIN-45and DRAF 
are 40% identical and DRAF and Raf-1 are 46% identical. 
KSR-1 does not have a recognizable CR2 region. Like the 
comparisons among the kinase domains, these compari- 
sons suggest that KSR-1 is a novel member of the protein 
kinase superfamily that is distantly related to Raf. 
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Figure 4. KSR-I Is Distantly Related to Raf Protein Kinases 
Two regions of the KSR-1 protein sequence are aligned with the corre- 
sponding regions of C. elegans LIN-45 (Han et al., 1993) D. melano- 
gaster DRAF (Nishida et al., 1988), and human Raf-I (Bonner et al., 
1986). Stippled and black highlighting indicate residues that are identi- 
cal in some or all of the proteins, respectively. Numbers refer to the 
right-most amino acid in each column; the initiator methionine of each 
protein is residue 1. The kinase domain (A) and the CR1 region (B) 
are shown. 
Three of the ksr-7 mutations, n7860,n2522, and n2579, 
create missense changes in the kinase domain (Figure 
28). Thus, the mutant proteins encoded by these alleles 
are likely to have reduced kinase activity. However, the 
affected residues are not highly conserved among protein 
kinases and do not have known functions (Hanks et al., 
1988). ksr-l(n2509) creates a missense change down- 
stream of CRl. Two ksr-7 mutations create nonsense 
changes: the n2526 allele is predicted to encode a trun- 
cated protein that lacks part of CR1 and all of the kinase 
domain, and the n2682 allele is predicted to encode a 
truncated protein that lacks part of the kinase domain. 
These molecular observations are consistent with our ge- 
netic analysis suggesting that ksr-7 mutations reduce the 
activity of the ksr-7 gene and that n2526 is a null mutation. 
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Discussion pathway and transmits part, but not all, of the Ras signal, 
since the complete loss of ksr-7 activity did not cause de- 
fects as severe as those caused by the loss of let-60 ras 
activity (Han et al., 1990). According to this model, activa- 
tion of let-60 ras leads to activation of the KSR-1 protein 
kinase, which then phosphorylates its target molecules. 
In the absence of ksr-7 function, the Ras signal could still 
be transmitted through the intact branch(es), which might 
be sufficient to elicit a normal response when the Ras 
pathway is activated strongly, but insufficient when the 
Ras pathway is activated only weakly. 
If ksr-7 and let-60ras do not act in a linear pathway with 
let-60ras upstream of ksr-7, then they are likely to function 
in parallel. According to this model, the activity of the 
KSR-1 protein kinase would not be regulated by let-60ras; 
KSR-1 might be active constitutively or regulated by other 
molecules. The parallel pathways defined by ksr-7 and 
let-60ras might converge at any point downstream of let-60 
ras. If these pathways converge upstream of the point at 
which the Ras signaling pathway diverges into multiple 
branches, such as at the level of Raf or MEK, then phos- 
phorylation by the KSR-1 kinase probably enhances the 
responsiveness of its target kinase to upstream signaling 
events. Alternatively, if the pathway defined by ksr-7 con- 
verges with the Ras pathway after the Ras pathway has 
diverged into multiple branches, then ksr-7 might be es- 
sential for the activity of one of the branches. The similarity 
between KSR-1 and Raf raises the possibility that KSR-1 
and Raf phosphorylate similar proteins; for example, 
KSR-1 might directly phosphorylate and thereby enhance 
the activity of MEK-2. According to this model, in the ab- 
sence of ksr-7 function, MEK-2 would be less responsive 
to the Ras signal than it would be if phosphorylated by 
KSR-1, and thus the activity of the Ras signaling pathway 
would be reduced but not eliminated. 
ksr-1 May Function in a Branch That Diverges from, 
or Acts in Parallel to, the Main Signaling Pathway 
We have presented a genetic and molecular analysis of 
the ksr-7 gene. Our genetic analysis showed that ksr-7 
positively mediates let-60 ras signaling during both vulva1 
development and larval development. Sundaram and Han 
(1995 [this issue of Cc/g) have independently analyzed the 
C. elegans ksr-7 gene and have made similar observa- 
tions 
In otherwise wild-type animals, a ksr-l(null) mutation 
caused 10% of the larvae to die and caused 7% of the 
cells P5.p, P6.p, and P7.p to adopt abnormal fates during 
vulva1 development. Because loss-of-function mutations 
in signaling genes such as let-60 ras cause these same 
defects, these observations suggest that ksr-7 normally 
functions as a positive mediator of let-60 ras signaling. 
However, the finding that most ksr-l(nu/l) mutants are via- 
ble and have a normal vulva suggests that ksr-7 function is 
partially redundant with other components of the signaling 
pathway. The defects caused by a ksr-7(nu//) mutation 
were much more dramatic if the Ras signaling pathway 
was activated only partially. A gain-of-function mutation 
that partially activates the let-60 ras gene causes 72% of 
the cells P3.p, P4.p, and P8.p to adopt vulva1 fates. By 
contrast, in /et-SO(gf); ksr-l(nu/l) mutants, only 17% of 
these cells adopted vulva1 fates. In mpk-7(/f) mutants that 
exhibit reduced Ras-mediated signaling (but no effect on 
survival), a ksr-l(nu//) mutation caused a larval lethality 
that was 96% penetrant. These results suggest that if the 
Ras signaling pathway is activated partially, so that its 
activity is near the threshold required for cells in the vulva1 
equivalence group to adopt vulva1 fates or for larvae to 
survive, then the function of ksr-7 as a positive mediator 
of Ras signaling can be demonstrated dramatically by the 
effects of a ksr-l(nu//) mutation. 
Loss-of-function mutations in other genes involved in 
the Ras signaling pathway, such as the /in-3 ligand, let-23 
receptor tyrosine kinase, semd adaptor, let-60 Ras, h-45 
Raf, and mek-2 MEK genes, cause the same larval lethality 
and vulva1 defects as loss-of-function mutations in ksr-7 
(Horvitz and Sternberg, 1991; Eisenmann and Kim, 1994; 
Kornfeld et al., 1995). However, strong loss-of-function 
mutations in these genes cause defects that display a 
much higher penetrance than do the defects caused by 
a ksr-l(nu//) mutation. Thus, unlike these genes, which 
seem to be required for most or all of the effects of the 
signaling pathway, ksr-7 seems to be required for only 
some of the effects of the signaling pathway. 
Two types of models can account for the function of 
ksr-7 inferred from our genetic analysis. First, ksr-7 and 
let-60 ras might act in a linear pathway. In this case, ksr-7 
is likely to function downstream of let-60 ras, since loss-of- 
function mutations in ksr-7 suppressed the let-6O(gf,J Muv 
phenotype, which is expressed in the absence of upstream 
signaling events (Beitel et al., 1990). Furthermore, the lin- 
ear pathway in which let-60 ras and ksr-7 function is likely 
to define a branch that diverges from the main signaling 
The Function of the KSR-1 Protein Kinase May Be 
Evolutionarily Conserved 
Induction of the R7 photoreceptor cell fate in Drosophila 
melanogaster requires a signal transduction pathway that 
includes the sevenless receptor tyrosine kinase, Drk adap- 
tor, SOS guanine nucleotide exchange factor, Rasl Ras, 
Draf Raf, Dsorl MEK, and rolled MAP kinase (reviewed 
by Dickson and Hafen, 1994). Thus, induction of the R7 
cell fate in Drosophila and induction of vulva1 cell fates in 
C. elegans require signaling pathways that are extremely 
similar and have been highly conserved during evolution. 
By screening for mutations that suppress the rough-eye 
phenotype caused by a constitutively activate Rasl gene, 
Therrien et al. (1995 [this issue of Ce//)) have identified a 
Drosophila gene called ksr that has intriguing similarities 
to C. elegans ksr-7. The predicted Drosophila KSR protein 
has a CR1 region and a kinase domain and is distantly 
related to proteins of the Raf family. In the CR1 region, 
C. elegans KSR-1 and Drosophila KSR are as similar to 
each other (28% identical) as to proteins of the Raf family. 
However, in the kinase domain, C. elegans KSR-1 and 
Drosophila KSR are more similar to each other (41% iden- 
tical) than to proteins of the Raf family. Furthermore, many 
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residues in the kinase domain that are identical in KSR-1 
and KSR are not found in members of the Raf family. Thus, 
the C. elegans ksr-7 and Drosophila ksr genes probably 
diverged from genes in the raf family before diverging from 
each other. However, the similarity between KSR-1 and 
KSR is less than that frequently observed between C. ele- 
gans and Drosophila proteins with conserved functions. 
For example, in the kinase domain C. elegans LIN-45 and 
Drosophila DRAF are 63% identical, C. elegans MEK-2 
and Drosophila DSORl are 55% identical, and C. elegans 
MPK-1 and Drosophila Rolled are 73% identical (Han et 
al., 1993; Wu et al., 1995; Lackner et al., 1994). Thus, 
while the sequence similarity between KSR-1 and KSR is 
suggestive, it does not provide compelling support for the 
hypothesis that the two proteins have the same function. 
The genetic analyses of C. elegans ksr-7 and Drosophila 
ksr lend support for the hypothesis that these genes do 
have conserved functions. Both genes were identified in 
screens for mutations that suppress the effects of an acti- 
vated ras gene, and both genes appear to function down- 
stream of Ras and positively mediate the Ras signal (Ther- 
rien et al., 1995). However, the genes do not behave 
identically: Drosophila ksr mutants are inviable, whereas 
C. elegans ksr-7 mutants are mostly viable. Nonetheless, 
the molecular and genetic similarities between C. elegans 
ksr-1 and Drosophila ksr suggest that these genes define 
a novel type of protein kinase with a role in Ras-mediated 
signal transduction that seems likely to be widely con- 
served among species. 
Experimental Procedures 
General Methods and Strains 
C. elegans strains were cultured as described by Brenner (1974) and 
were grown at 20°C unless otherwise noted. The wild-type strain and 
parent of all mutant strains was N2. RC301, a separate isolate from 
the wild type (Ft. Cassada, personal communication), was used for 
studiesof RFLPs. Unlessotherwise noted, mutationsused in thisstudy 
are described by Wood et al. (1988) and are listed below. LG III: rnpk-7 
(0~740) (Church et al., 1995); uric-79fei068); dpy-77(e764). LG IV: 
let-6O(n 7046gf); dpy-2O(e7282); /in-l(e7275ts). LG V: /im37(n7053). LG 
X: /on-2(e678); uric-7O(e702); xol-7(y9) (Rhind et al., 1995); dpy-6(e74); 
h75@765ts); ksr-l(n7860) (Beitel et al., 1990); ksr-l(n2509, n2579, 
n2522, n2526, n2682) (this study); yDf2 (L. Miller and B. Meyer, per- 
sonal communication). We used standard methods to construct double 
mutants. Weconfirmedthatthelin-l;ksr-7,ksr-7/in-75,and/in-37;ksr-7 
double mutants contained the ksr-7(2526) mutation by determining the 
DNA sequence of the appropriate region of ksr-7 of each strain. 
Identification of let&?(gf) Muv Suppressors 
We previously described a screen for suppressors of the /et-SO(gf) Muv 
phenotype (Lackner et al., 1994; Kornfeld et al., 1995). In brief, we 
mutagenized let-6O(n7046gf) hermaphrodites with ethyl methanesulfo- 
nate, placed 2794 Fl self-progeny on separate petri dishes, and exam- 
ined the F2 self-progeny for non-Muv animals at 22.5”C. We identified 
33 independently derived mutations that reduced the penetrance of 
the Muv phenotype from 93% to less than approximately 10%. In a 
related screen, previously described by Beitel et al. (1990) non-Muv 
Fl self-progeny of mutagenized /im8(n777); /et-dO(gf) hermaphrodites 
were picked to separate petri dishes at 25°C. Ten extragenic mutations 
identified in this screen met the criteria described above. 
Complementation Tests and Genetic Mapping 
We used standard genetic techniques to position the suppressor muta- 
tions on one of the six C. elegans chromosomes (Brenner, 1974). The 
suppression of the let-bO(gf) Muv phenotype caused by eight muta- 
tions, including n7860, n2509, n2579, n2522, n2526, and n2682, was 
linked to /on-2X and unlinked to mutations in the center of the other 
five chromosomes (data not shown). To determine whether two such 
X-linked mutations, designated a and b, complemented for suppres- 
sion of the /et-SO(gf) Muv phenotype, we mated let-6O(gf)/dpy-20; /on-2 
a males and let-60&f); b hermaphrodites and identified cross-progeny 
with the genotype /et-SO(gf); /on-2 a/+ b. We scored the penetrance 
of the Muv phenotype at 22.5O C of non-Lon self-progeny of animals 
of the following heteroallelic combinations: n7860/n2509, 1% (n = 
101); n7860/n2526,6% (n = 190); n7860/n2682,9% (n = 173);n2509/ 
n2579,5% (n = 110); n2509h2522, 7% (n = 129); n2509/n2526,2% 
(n = 102); n2579h2522, 8% (n = 173); n2579h2682, 4% (n = 315); 
n2522h2682, 9% (n = 324); n2526h2682, 10% (n = 349). Thus, the 
six mutations n7860, n2509, n2579, n2522, n2526, and n2682 each 
failed to complement at least three other mutations in this group. The 
other two X-linked mutations defined two additional complementation 
groups (data not shown). 
We used a 4-factor cross to map n7860 more precisely. From ksr-7 
(n7860)/unc-70x0/-7 dpy-6 hermaphrodites, we isolated Uric non-Dpy 
and Dpy non-Uric progeny. We then identified hermaphrodites homo- 
zygous for the recombinant chromosome and scored these animals 
for x0/-7 and the rod-like larval lethality caused by n7860. Of Uric 
non-Dpy recombinants, 11 of 17 were x0/-7(+) ksr-7(n7860), 5 of 17 
were x0/-7(-) ksr-7(n7860), and 1 of 17 was x0/-7(-) ksr-l(+). Of Dpy 
non-Uric recombinants, 1 of 3 was x0/-7(-) ksr-7(+), 1 of 3 was x0/-7(+) 
ksr-7(+), and 1 of 3 was x0/-7(+) ksr-l(n7860). Thus, of 20 recombina- 
tion events between uric-70 and dpy-6, 12 occurred between uric-70 
and x07-7, six occurred between x07-7 and ksr-7, and two occurred 
between ksr-7 and dpy-6. 
Lineage Analysis 
Cell lineages were determined by direct observation of living animals 
using Nomarski optics as described by Sulston and Horvitz (1977). 
The criteria described by Sternberg and Horvitz (1986) were used to 
assign the lo, 2O, and 3” cell fates, which generally denote that a 
Pn.p cell generated eight, seven, or two descendants, respectively. 
Identification and Mapping of RFLPs 
Unless otherwise noted, molecular biology techniques were performed 
as described by Sambrook et al. (1989). We identified RFLPs by hy- 
bridizing cosmids containing C. elegans genomic DNA to Southern 
blots containing DNA from N2 and RC301, two independently isolated 
wild-type strains. We tested ten different restriction enzymes seeking 
enzymes that cleaved RC301 DNA and N2 DNA into fragments of 
different sizes as detected by given cosmids. We tested 15 cosmids 
positioned to the right of C34Dl0, wh,ich contains x0/-7 (Rhind et al., 
1995). Three RC301 loci that defined such RFLPs were assigned the 
following allele names: nP75, defined by Asel digestion and ClOG5 
hybridization; nP76, Pvull digestion and C39A3 hybridization; and 
nP87, Hindlll digestion and CO9B2 hybridization. 
To map RFLP alleles relative to ksr-7, we mated RC301 males 
(genotype nP76 nP75 nP87) and let-6O(gf); ksr-7(n7860) dpy-6 her- 
maphrodites, placed cross-progeny on separate petri dishes, and then 
identified animals of genotype /et-SO(gf); ksr-7 dpy-6/nP76 nP75 nP87. 
Next, we picked 11 Dpy non-Ksr-I recombinants; these animals were 
Dpy and Muv. We identified animals homozygous for the recombinant 
chromosome on the basis of their failure to segregate non-Muv prog- 
eny and determined their genotypes at the nP76, nP75, and nP87 
loci using Southern blot analysis. These recombinant animals had the 
following genotypes: nP76 nP75 + (n = 6), nP76 + + (n = 2) and 
nP76 ? + (n = 3) (the genotype at the nP75 locus was not assayed 
for three animals). These data position nP76 close to or left of ksr-7, 
nP75 between ksr-7 and dpy-6, and nP87 close to or right of dpy-6 
(Figure 1 B). 
Transformation Rescue 
Germline transformation experiments were done as described by 
Mello et al. (1991). We coinjected let-dO(gf); ksr-l(n7860) mutants with 
C. elegans genomic DNA cloned in cosmids or plasmids (l-20 nglml) 
and plasmid pRF4 (20 trglml), which contains the dominant mutation 
rol-6(su7006) (Kramer et al., 1990). We identified Fl transgenic ani- 
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mals by the Rol phenotype conferred by m-6. Approximately 10% 
of these animals segregated F2 self-progeny that displayed the Rol 
phenotype; such F2 animals typically maintain the coinjected DNA as 
an extrachromosomal array. If most or all of the Rol animals in the F2 
generation were M uv, then we concluded that the ksr- 7 suppression-of- 
Muv phenotype was rescued in that strain. 
Identification and Analysis of ksr.7 cDNAs and Genomic DNA 
To identify ksr-7 cDNAs, we screened two cDNA libraries made using 
RNA derived from mixed-stage populations of C. elegans, BM 
(Barstead and Waterston, 1989) and OM (P. Okkema, personal com- 
munication), and one cDNA library made using RNA derived from 
C. elegans embryos, OE (P. Okkema, personal communication). We 
screened approximately 200,000 plaques from each of the three librar- 
ies with the radiolabeled insert of pDBH3 and isolated four hybridizing 
bacteriophages, which we named MThOEI, MTXOE7, MT;LOM14, and 
MThBMli 
We determined the complete DNA sequence of the cDNA insert of 
MThOEl by subcloning 700-1200 bp fragments into the vector Ml3 
(Bankier et al., 1987) and using an automated ABI 373A DNA se- 
quencer (Applied Biosystems) to determine their sequences. We deter- 
mined the sequence of approximately 300 bp of DNA from the 5’ and 
3’ ends of the other three cDNAs: the EM11 cDNA extended from 
nucleotide 51 to 2626 (numbers based on Figure 2) and included about 
38 A residues at the 3’ end: the OE7 cDNA extended from nucleotide 
423 to 2585; and the OM14 cDNA extended from nucleotide 950 to 
2627 and included about 16 A residues at the 3’ end. We used ten 
pairs of oligonucleotide primers and PCR amplification to analyze the 
internal regions of the four cDNAs; each pair of primers generated 
the same size fragment using DNA from each cDNA, suggesting that 
all four cDNAs were colinear. 
To determine the sequence of genomic DNA in the ksr-7 region, 
we used oligonucleotide primers positioned in the ksr-7 exons and 
genomic DNA derived from pDBH3 to determine the sequences of 
introns near theexonlintron boundaries. Afterwe completed this analy- 
sis, the C. elegans genome consortium determined the complete se- 
quence of cosmid R09F10, which contains ksr-7 (L. Hillier and R. Wil- 
son, personal communication). Our DNAsequence data were identical 
to the results of the genome consortium. 
Determination of the Sequences of ksr-7 Alleles 
We used the following pairs of forward (f) and reverse (r) oligonucleo- 
tide primers, with 5’ positions as indicated, to amplify by PCR the 
coding region and exon-proximal regions of the introns using DNA 
from each of the six ksr-7 mutants: ksr-7f (exon 1, base pair 33) and 
k.w27r(61 bp downstream of exon 2); ksr-22f(54 bp upstream of exon 
3) and ksr-23r (48 bp downstream of exon 3); ksr-3% (55 bp upstream 
of exon 4) and ksr-36r (65 bp downstream of exon 4); ksr-24f (61 bp 
upstream of exon 5) and ksr-25r (61 bp downstream of exon 5); ksr-26f 
(53 bp upstream of exon 6) and ksr-27r (52 bp downstream of exon 
9); ksr-37f (68 bp upstream of exon IO) and ksr-2Or (exon 14, base 
pair 2614). We purified the amplified DNA fragments using 8-agarase 
and determined the complete nucleotide sequences of both strands. 
Analyses of ksr-1 RNA 
We prepared poly(A)+ RNA from a mixed-stage population of the wild- 
type strain N2 using the FASTTRACK system (Invitrogen). We fraction- 
ated 20 pg of RNA on a glyoxal gel, transferred the RNA to Nytran 
using electrophoresis, and probed the filterwith the radiolabeled BMl 1 
cDNA. To analyze the splicing pattern of ksr-7 transcripts, we used 13 
pairs of oligonucleotide primers and the GeneAmp system of reverse 
transcriptase-PCR (Perkin Elmer) to analyze the RNA. To analyze the 
5’end of ksr-7 transcripts, we used primer extension (Ausubel et al., 
1991) and the 5’ RACE system (GIBCO BRL) of anchored reverse 
transcriptase-PCR with an oligonucleotide primer that extended from 
nucleotide 156 to 137. 
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